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The tetra~ydrobiopt~rin-de~ndent iron-enzyme tyrosine hydroxylase (TH) catalyses the rate-limiting step in catecholamine biosynthesis. Electron 
paramagnetic resonance (EPR) data show that following phosphorylation of Ser-40 by protein kinase A, the enzyme-bound Fe(III), coordinated 
to catecholamines, can be reduced by 6-methyl-tetrahydropterin u der turnover conditions. The I-fold increase in product formation upon phos- 
phorylation can partly be explained by an increase in the fraction of active TH, by dissociation of the endogenous catecholamine inhibitors. 
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1. INTRODUCTION 
Tyrosine 3-monooxygenase (tyrosine hydroxylase, 
TH, EC I .14.16.2) catalyses the hydroxylation of 
tyrosine to 3,4_dihydroxyphenylalanine (DOPA), the 
rate-limiting step in the biosynthesis of catecholamines 
(neurotransmitters or hormones) [l]. The mammalian 
tyrosine, phenylal~ine and tryptophan hydroxylases 
constitute a group of enzymes which all require iron and 
a tetrahydropterin cofactor for catalytic activity [2,3]. 
In their C-terminal and presumed catalytic domains, 
they have large amino acid sequence homology [4,5]. 
a factor of 3 in situ [13], and inhibition of protein 
phosphatase 2A increases TH activity by about 80% 
IlOl. 
All three hydroxylases are activated in vivo and in 
vitro by phosphorylation [3,6,7]. The combination of 
phosphorylation/dephosphorylation and feedback in- 
hibition (by catecholamines in the case of TH [S]) may 
represent a major short-term (in minute time scale) 
regulatory mechanism [9]. In bovine adrenal TH [lo] 
and rat pheochromocytoma TH [I 1,121, CAMP- 
dependent protein kinase phosphorylates Ser-40 specifi- 
cally, without phospho~lation of other potential sites 
(e.g. Ser-8 and Ser-19). Furthermore, in isolated bovine 
adrenal chromaffin cells, CAMP-dependent phosphory- 
lation increases the conversion of tyrosine to DOPA by 
Highly purified bovine adrenal TH contains signifi- 
cant amounts of iron (0.7 atoms per subunit) and has a 
high spin (S = 512) Fe(II1) EPR signal [14,15]. This 
EPR signal correlates with an unusual blue-green col- 
our, which is due to a Fe(III)-catecholamine complex 
[ 16,171. The present study was performed to gain more 
information on the catalytic reaction mechanism, the 
functional role of the associated feedback inhibitors 
adrenaline and noradrenaline (0.24 and 0.11 per en- 
zyme subunit, respectively), and their relation to the ac- 
tivation of TH by phosphorylation of Ser40. 
2. EXPERIMENTAL 
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2.1. Tyrosbte hydroxy~ase and EPR ~~~re~ents 
Bovine adrenal TH was purified as described [I5]; the specific ac- 
tivity was typically 350-400 nmol DOPAlmin per mg protein at pH 
6.0 in the presence of 1 mM dithiothreitol, 0.1 mg catalase/ml and 0.2 
M Mes [ 151. The formation of DOPA was determined by HPLC [ 181. 
The TH activity was also assayed at pH 7.2 (incubation in the EPR 
tubes) in 0.2 M KCI, 0.1 M K-phosphate and 0.1 mg catalase/mI. 
Measurement of EPR spectra and sample handling were performed as 
before [15,19] using a Bruker ESP 300 EPR system with an Oxford 
Instruments helium flow cryostat (ESR-9). 
2.2. Phosphorylation of TH 
Abbreviations: TH, tyrosine hydroxylase; EPR, electron para- 
magnetic resonance; DOPA, 3,4-dihydroxyphenylalanine; HPLC, 
high-performance liquid chromatography; 6-MP&, 6-methyltetra- 
hydropterin 
The catalytic subunit of bovine heart CAMP-dependent protein 
kinase was purified according to [20]. The CAMP-dependent 
phosphorylation of TH was performed at 30°C for 15 min, in a reac- 
tion mixture cont~ning 0.2 M KCI, 75 mM K+-phosphate (pH 7.0), 
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1 pM dithiothreitol, 5 mM Mg’+(acetate)z, 2 mg TH/ml, 1 mM [32P]- 
ATP and 0.1 mg/ml of catalytic subunit of bovine heart CAMP- 
dependent protein kinase, and the phosphorylation was stopped by 
incubation at 4°C. After phosphorylation, ATP was rapidly removed 
by gel filtration [19]. In identical parallel control experiments, the 
reaction mixture did not contain ATP. The amount of phosphate in- 
corporated was determined by spotting aliquots on phosphocellulose 
strips [7,21] or by isolating the phosphorylated proteins by sodium 
dodecyl sulfate electrophoresis, and the incorporated 32P was deter- 
mined by liquid scintillation counting. It should be mentioned that 
some preparations of the enzyme contained some protein phosphatase 
2A, which dephosphorylated the enzyme [lo], and in this case, the en- 
zyme behaved as in the control samples. 
3. RESULTS 
3.1. Effects of phosphorylation at Ser-40 on the EPR 
spectrum of bovine adrenal tyrosine hydroxylase 
under turnover conditions 
Our previous EPR studies on bovine adrenal TH 
[ 151, with one of the highest reported specific enzymatic 
activities, have shown the presence of high-spin Fe(III), 
in a slightly distorted axial symmetry giving an EPR 
signal with g values around 7.0,5.2 and 1.9 ( 1 E/D 1 = 
0.04). This EPR signal dit not change significantly in 
the presence of substrates or cofactor, added alone or in 
combination [ 151. In contrast, after phosphorylation of 
the enzyme at Ser-40, by the catalytic subunit of c- 
AMP-dependent protein kinase [lo], large changes in 
the EPR spectrum were observed under turnover condi- 
tions (fig.1). The covalent binding of 0.6-0.8 mol 
phosphate per mol of enzyme subunit, results in a near- 
ly identical EPR spectrum (fig. 1B) as for the enzyme as 
isolated (fig.lA). Computer subtraction, however, 
revealed an approximately 30% decrease in the intensity 
of the axial type signal at 3.6 and 7 K. No major effect 
on the microwave saturation behavior of the EPR 
signal was observed at 3.6 K and 7 K upon phosphoryl- 
ation (data not shown). 
On addition of 1.5 mM L-tyrosine and incubation for 
1 min at 25°C in the EPR tube, the EPR spectrum at 3.6 
K revealed an 80 + 8% (5 different samples) decrease 
of the axial type EPR signal for an enzyme containing 
0.6-0.8 incorporated phosphate per subunit (fig.lC). 
This effect was less pronounced for enzyme prepara- 
tions with < 0.5 incorporated phosphate per subunit 
(data not shown). Concomitant with this decrease, a 
new EPR signal, with g values at 9.2, 4.8 and 3.7, ap- 
pears (fig. IC) [19,22]. We suggest that this signal 
originates form high-spin Fe(II1) in an environment of 
distorted rhombical symmetry ( 1 E/D 1 = 0.22-0.25). 
The observed g values of 4.8 and 3.7 orginate from the 
middle Kramers doublet and the associated spectral 
features are more clearly seen at higher microwave 
power (data not shown). Furthermore, also the 
isotropic g = 4.3 signal increases after addition of 
tyrosine (fig.lC). Control experiments with the non- 
phosphorylated enzyme incubated with 1.5 mM L- 
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Fig. 1. Effects of phosphorylation of Ser-40, substrate and cofactor 
on EPR spectra of bovine adrenal TH. EPR spectra at 3.6 K, 0.24 
mW microwave power, 10 G modulation, 9.23 GHz, 4 accumulations 
of: (A) Enzyme as isolated (3 mg/ml) at pH 7.2; (B) After 
phosphorylation of Ser-40 (0.6-0.8 incorporated phosphate per en- 
zyme subunit) by catalytic subunit of CAMP-dependent protein 
kinase; (C) Sample B after additional incubation with 1.5 mM L- 
tyrosine for 1 min at 25°C; (D) Sample C after additional incubation 
with 2 mM 6-MPH4 for 1 min at 25°C; and (E) Sample D after extra 
4 min incubation at 25°C. All spectra have been corrected for dilu- 
tions. 
tyrosine (9 different samples), showed only a minimal 
(4 + 2.5%) decrease of the axial type EPR signal. 
Similar results were obtained with preparations con- 
taining protein phosphatase activity (data not shown). 
Aerobic incubation of the phosphorylated enzyme 
(50/1M of subunit TH) at 25°C in the EPR tubes with 
1.5 mM L-tyrosine and 2 mM 6-MPH4 (no 
dithiothreitol) resulted in time-dependent changes in the 
EPR spectrum (fig. lD,E). The EPR signals with g,,.,, = 
7.0 ( I E/D I = 0.04) and gmax = 9.2 ( I E/D I = 
0.22-0.25) virtually disappeared. During the incubation 
period, the enzyme was catalytically active, i.e. turn- 
over conditions were present. After 5-min incubation 
(pH controlled to be between 7.3 and 7.1), about 59 
nmol (390 ,uM) DOPA had been formed in the EPR 
tubes. DOPA formation, by the same incubation mix- 
ture at 25’C, continued for at least 7 additional 
minutes, until the cofactor had been consumed. Con- 
trol experiments under identical turnover conditions 
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Fig.2. EPR spectra of phosphoryiated bovine TW; reduction of the 
enzyme with cofactor without substrate and effect of added substrate 
to the reduced enzyme. EPR conditions as in fig.1. (A) Resting 
phosphoryiated (@o.6-0.8 phosphate incorporated per subunit) TH 
(3 mg/ml) at pH 7.2; (3) Sample A with 2 mM WvlP& and incuba- 
tion for 1 min at 25°C; (C) Sample I3 after additional 4-min incuba- 
tion at 25°C; and (D) Sample C with 1.5 mM L-tyrosine and 5 min in- 
cubation at 25°C. 
with the enzyme as isolated or ~~~t~~ng protein 
phosphatase, showed a less than 25% decrease in the 
axial type EPR signal (data not shown), while the 
DOPA formed was a factor 8 lower. 
the enzyme-boned (Fe)lu by the cofactor 
The effect of aerobic incubation of the resting 
phosphorylated TH (fig.2A) with 2 mM 6-MPH4 at 
25”C, in the absence of natural substrate or other 
reductants, is shown in fig2B,2C. After I-min incuba- 
tion with 6-MPH4, a significant decrease (55 -t 15%) 
was seen in the axia.l type EPR signal (fig.23) and no 
new signal appeared. After 5-min incubation, the phos- 
phorylated enzyme was almost EPR silent (fig.2C). 
These large spectral changes could not be seen for the 
enzyme as isolated and for enzyme preparations con- 
taining protein phosphatase activity. In these cases, on- 
ly a maximum of 10% decrease of the axial type EPR 
signal could be observed (data not shown). On further 
incubation with 1.5 mM L-tyrosine for 5 min at 25°C 
a new rhombic type EPR signal from high-spin Fe(II1) 
appeared, with g values centered around 4.3 (fig.2D), 
This signal, although less pronounced, is also seen in 
fig.lB and E. Nearly 66 nmol (440 pM) DOPA was 
formed in this experiment within the 5-min incubation 
period, and the enzyme was still active. 
4. DISCIJSSION 
4.1. Tht? oxidation state of the enzyme-bound iron 
during catalytic turnover 
The reaction mechanisms for the pteridine-dependent 
hydroxylases are not clear. In particular, the role of 
iron and its redox state are not settled, although a fer- 
rous EPR-silent form has been suggested to be invoived 
in catalysis [15,17,19,23-251. The EPR active Fe(II1) in 
bovine adrenal TH, with g,, = 7.0, is correlated to 
the Fe(II1) that is coordinated to adrenaline/noradrena- 
line fl5,17]. Quantitation of the tightly bound catechof- 
amines in the enzyme as isolated indicates that about 
half of the total enzyme-bound iron is coordinated to 
the feedback inhibitors [X7], and the other half of the 
iron could be responsible for the enzymatic activity. In 
rat pheochromoc~oma TH dopamine is the major 
Fe(III) coordinated ~atec~ol~ine 1261. The bidentate 
binding of catecholate to Fe(IXI) in TH has been con- 
sidered to lower the redox potential of this iron [17]. Its 
EPR properties did not significantly change during tur- 
nover conditions, or in the presence of the cofactor, in- 
dicating that the Fe(III) species was not part of the 
catalytic cycle fl5]. By contrast, for ph#sphorylat~ 
TH, the EPR signals with g,,, = 7.0 (enzyme as 
isolated) and g,, = 9.2 (induced by L-tyrosine) almost 
completely disappeared during turnover conditions 
(figs.lE and 2D). Also, the presence of cofactor alone, 
resulted in an almost EPR siIent enzyme (Gg.2C). Our 
interpretation of these results is that phosphorylation of 
TH facilitates the reduction of Fe(III) to Fe(II) by the 
cofactor. The reduction is associated with an 8-fold in- 
crease of the DOPA formation. Our results are com- 
patible with the Fe(II) form being part of the catalytic 
cycle, in agreement with models for pbe~yl~a~ne 
hydroxylase f24] and rat TH [25]_ For the phosphory- 
lated bovine TH, we have also shown that the addition 
of the L-enantiomer of tyrosine ([ 19,221 and fig. 1C) in- 
duces a new Fe(II1) EPR signal (g,,, = 9.2). A similar 
substrate effect has been observed for phenyl~anine 
hydroxylase [24]. Thus, the Fe(W) present in phos- 
phorylated TH behaves partialIy as the Fe(III) present 
in phenylalanine hydroxylase, in agreement with light 
absorption and resonance Raman spectroscopic data 
[17,26]. 
The appearance of the new rhombic type EPR signal, 
centered around g = 4.3 (fig,ZD), may have alternative 
explanations. The possibility that this iron is catalytical- 
ly active is now being considered. From knowledge 
about the general EPR characteristics of Fe(III), it is 
possible to estimate that the new isotropic EPR signal in 
fig.2D or the increase in the g = 4.3 signal (fig.lC), 
should not represent a large proportion of Fe(III) com- 
pared to the amounts of Fe(III) (gm,, = 7.0 and 9.2) 
11 
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that can be reduced with 6-MPH.I. Furthermore, if one 
assumes only small differences in D-values, as reported 
for phenylalanine hydroxylase [27], then the two Fe(II1) 
signals with gmax = 7.0 and 9.2 should represent similar 
and substantial amounts of Fe(II1); see simulation of 
phenylalanine hydroxylase spectra [28]. 
4.2.The molecular mechanism of the activation by 
phosphorylation 
The effect of phosphorylation of TH, permitting 
previously inhibited iron to become reduced and en- 
zymatically active, could have several explanations. 
Most likely, phosphorylation increases the dissociation 
of catecholamines, as indicated by the 30% decrease in 
the axial type EPR signal (fig. 1B): As catecholamines 
are competitive inhibitors to the cofactor [29,30], a 
decrease in their affinity to TH would permit reduction 
of the Fe(II1) by the cofactor. 
The activity of TH has been reported to increase up 
to 16-fold on phosphorylation, when assayed at pH 7.2 
[3]. This activation has generally been considered to be 
due to the lowering of the Km value for the cofactor (i.e. 
from 0.5 mM to 0.2 mM for 6-MPH4 [29])’ and a basic 
shift of the pH-activity curve (pH optimum increases 
from 6.0 to 7.4). Furthermore, when catecholamines 
are dissociated by acid precipitation of rat brain TH, 
phosphorylation by itself results in a modest activation 
[31,32]. Recently, in an esthetically nice model, it has 
been proposed that phosphorylation permits the cofac- 
tor to make new hydrogen bonds with the enzyme [33]. 
As demonstrated in this work, models explaining the 
large activation of TH by phosphorylation should also 
include the contribution of dissociation of tightly 
bound catecholamines from the enzyme. 
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